Abstract-The article analyzes a nine-channel Wavelength Division Demultiplexer based on a twodimensional photonic crystal lattice. In the design of the device, defects and air holes are shifted in the resonant cavities: by changing characteristics such as radii of defects, distance between them and position of defects. A compact optical filter circuit is designed with a 1 nm channel spacing. The properties of these devices are investigated using finite-difference time-domain method. The resonant wavelengths of nine channel demultiplexers are 1481. 4, 1503.7, 1526.6, 1538.4, 1550.3, 1562.3, 1574.7, 1587.2 and 1612.9 nm. The value of transmission efficiency for channels was obtained in 79-96% range. In addition, the maximum value of crosstalk and average quality factor for channels were calculated −11.3 dB and 2000, respectively. The overall size of the structure is small (11.3 µm × 15.3 µm) which is suitable for photonic integrated circuits and optical communication network applications.
INTRODUCTION
For realizing ultra-compact optical devices, one needs structures which can control the propagation of light waves inside very small space and waveguides. Due to their photonic band gap (PBG) region, photonic crystals (PhCs) have excellent ability to confine and control the light waves inside compact waveguides [1, 2] ; therefore, they are very promising structures to design compact optical devices such as multiplexers [3, 4] and demultiplexers [5] [6] [7] [8] .
An optical demultiplexer is a device, which has the property of adding or dropping given wavelength channels from a multi-wavelength network. In recent years, various configurations have been proposed for performing filtering behavior based on PhC structures. Defect structures, resonant cavities coupled waveguides and ring resonators are some examples of proposed filtering mechanisms [9] [10] [11] [12] [13] [14] .
Number of output channels, transmission efficiency, quality factor, crosstalk and channel spacing are the most crucial characteristics of PhC-based demultiplexers. Recently, many attempts have been focused on improving the aforementioned characteristics. For instance, a five-channel demultiplexer has been proposed by horizontally cascading five single channel drop filters with different lattice constants; in this structure, the channel spacing was around 8 nm [15] . Another similar demultiplexer was created by cascading multiple add-drop filters with different lattice constants; the add-drop filters operation was based on contra-directional coupling and standing wave resonators. The authors claimed that this demultiplexer is able to separate 12 channels with 10 nm channel spacing [16] .
Rakhshani and Birjandi [17] cascaded three PhC ring resonator-based channel drop filters with different refractive indices to realize a four-channel demultiplexer. In this structure, the channel spacing was about 6.1 nm with bandwidth and average transmission efficiency being 2.75 nm and 95%, respectively. Crosstalk and footprint were obtained as −24.44 dB and 294.25 µm 2 , respectively. AlipourBanaei et al. [18] proposed a resonant defect structure for designing an eight-channel demultiplexer, and the channel spacing was about 1 nm. The minimum transmission efficiency and the largest crosstalk were 40% and −8 dB, respectively.
Considering the above-mentioned demultiplexers, in this paper we aim to overcome the drawbacks of the previously proposed structures, such as increasing the number of output channels, decreasing the bandwidth, channel spacing and crosstalk, and improving the transmission efficiency and quality factor. So we proposed a novel defective resonant cavity structure to realize the proposed demultiplexer.
This paper is organized as follows. In Section 2, we discuss the WDDM structure design procedure and describe the calculated photonic band gap. Simulation and results of the demultiplexer are discussed in Section 3, and finally, in Section 4 we conclude our work.
PHOTONIC CRYSTAL GEOMETRY
The proposed Wavelength Division Demultiplexer (WDDM) makes use of a two-dimensional triangular lattice of air holes in a dielctric medium for good confinement and manipulation of light. The demultiplexer is designed with 22 × 30 rods in X and Z directions. The radius of air rods is R = 130 nm, and the refractive index of dielctric is 3.46.
Plane-wave expansion (PWE) [19] is a method which is used to solve the Maxwell's equation by formulating an eigenvalue problem. The modes of PCs are in the concept of eigen-solutions of the wave equation with an inhomogeneous and periodic structure. It solves the problem in time harmonic forms with no dispersive media. This method is used to calculate the PBG and propagation modes of the PhCs structure.
In our structure, a wider PBG extends from 0.27 < a/λ < 0.44 for TM polarization (in which the magnetic field is in the propagation plane and the electric field is perpendicular), where λ is the wavelength in free space whose corresponding wavelength range is from 1481.4 nm to 1612.9 nm. Figure 1 shows the band structure diagram of PhC. In this structure, we employed a high quality factor defective resonant cavity as the wavelength selecting part of the demultiplexer. As shown in Figure 2 (a), the defective resonant cavity is composed of three central air rods as core rods with reduced radius; the radius of the core rods is Ri where i is the number of channel. The central rods are shown in a different color to be distinguished from other rods.
At upper and lower sides of core rods, we have other rods constructing the upper and lower walls of the cavity. In order to control the width of the resonant cavity, we reduced the radius of n rods on R 0 . The resonant wavelength of the proposed cavity depends on Ri and parameter n.
By removing 10 air rods from the central line of the air rod array (Figure 2(b) ) and 25 air rods inclined 60 • , we created input waveguides. Then, nine output waveguides at right sides of the input waveguide were created. Finally, we put resonant cavities between input waveguides and output waveguides. In order to separate nine channels with different central wavelengths, the resonant cavities should have different resonant wavelengths.
So the structural parameters of cavities Ri and ni should be chosen different from each other. Therefore, for all defective resonant cavities, the values of R 0 are similar and equal to 52.5 nm. See Table 1 for chose different ni and Ri values for every defective resonant cavity. 14 R9 = 0.06 µm
SIMULATION AND ANALYSIS
The finite-difference time-domain (FDTD) method [20] is a method to simulate the electromagnetic devices for all ranges of frequencies from the microwave to the optical regime. It is one of the most important computational techniques for analysing the electromagnetic waves propagating through PhC devices. It is simple, attractive, accurate and efficient to discretise Maxwell's equations. The output spectra of the proposed resonant cavity for different values of ni and Ri are depicted in Figures 3(a) and (b) . As one can see, by increasing ni the resonant mode shifts toward upper wavelengths. However, increasing Ri will shift the resonant modes toward lower wavelengths.
The obtained maximum and minimum transmittances are 96% and 79%, respectively, and the minimum transmission of 79% occurs at the wavelength of 1.503 µ, while the maximum transmittance in the order 96% occurs at the wavelength of 1.562 µ. Due to different interferences of light at the end of the input waveguide, light is transmitted through different waveguides as shown in Figure 3(b) .
As can be observed in Figure 3 , different wavelengths are dropped into different waveguides with high transmittance and low reflectance. The separation between adjacent channels is about 20 nm, well fitted for WDM systems. The divergence in the spacing can be explained in terms of dispersion of the Another crucial parameter in optical demultiplexers is quality factor, which is calculated by Q = λ/Δλ where λ is the central wavelength of the channel, and Δλ is the bandwidth of the channel. According to the aforementioned relationship, smaller bandwidths lead to higher quality factors. In the proposed structure, the minimum and maximum bandwidths are 0.45 and 1 nm, respectively; therefore, the minimum and maximum quality factors are 1481 and 3471, respectively. The proposed structure has better quality factor values than in previous works [e.g., 9-14, 21-25]. The reduced rods will result in destructive interference between the low amplitude resonant modes, which contributes to the lower mode cancelation mechanism [26] and, as a result, creates narrow band modes and high Q-factor values. The complete specifications of the proposed demultiplexer are listed in Table 2 .
Another critical point in wavelength division demultiplexer design is crosstalk. The crosstalk calculation X is defined as follow:
where A is the transmission maximum value of resonant cavity of one channel at the resonant frequency.
A i represents the transmission value of the other adjacent channels at the same resonant frequency. The resolution of demultiplexer increases when crosstalk decreases. In Table 3 , an acceptable crosstalk between outputs is shown changing from −11.3 dB to −38 dB. This is a main distinction for the proposed structure. In this table, crosstalk is named as X tij , in which i and j vary from 1 to 9. X tij shows the effect of crosstalk of output j in the ith output. (i and j indices are row and column in Table 2 , respectability).
For example, Xt 12 shows the amount of crosstalk of output 2 in output 1. Finally, the overall foot print of the proposed structure is about 18 µm 2 making it smaller than previously proposed structures [9, 22] .
CONCLUSION
In this paper, we propose a novel defective waveguides structure based on 2D photonic crystal to perform wavelength selection. It is shown that by changing the size of the border and the three holes in each waveguide, the selective wavelength will be changed. So we employed nine waveguides with different widths and created a nine-channels demultiplexer. The dominant characteristics of the proposed demultiplexer are high quality factor values -the quality factor is more than 3400 -and very low crosstalk, which is between −11.3 and −38 dB. Transmission efficiency of the proposed structure ranges between 79 and 96%.
